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is  unaffected  by  these  inhibitors  or  uncouplers,  although  its  dis¬ 
tribution  between  mitochondria  and  suspending  medium  is  altered  in 
the  presence  of  DNP.  Finally,  the  activity  of  the  matrix- 
localized  protease  responsible  for  the  final  proteolysis  to  mature¬ 
sized  subunit  is  not  inhibited  by  the  compounds  tested. 

Based  on  the  data  presented  here  and  elsewhere,  a  model  for 
the  energy-dependent  translocation  and  processing  of  ornithine 
transcarbamylase  is  proposed. 


-3- 


p 


INTRODUCTION 


Ornithine  transcarbamylase  (OTC),  a  mammalian  mitochondrial 
matrix  enzyme,  catalyzes  the  second  step  in  the  urea  cycle,  which 
results  in  the  disposal  of  ammonia  waste  products  from  cells  (1) 
(Figure  1).  Investigation  of  the  cellular  biogenesis  of  OTC  has  been 
prompted  by  a  specific  deficiency  of  this  enzyme  in  man,  resulting 
in  a  syndrome  of  hyperammonemia  appearing  early  in  infancy  which  is 
often  lethal  in  males  and  debilitating  in  females.  These  studies 
have  revealed  that  OTC  is  a  trimer  of  identical  subunits  which  are 
encoded  by  a  gene  on  the  X  chromosome  and  synthesized  on  cytosolic 
ribosomes  (2-10).  Recent  work  has  demonstrated  that  each  subunit  is 
synthesized  as  a  larger  precursor  (11,12).  The  precursor  subunit  is 
then  translocated  into  the  mitochondrial  matrix  and  cleaved  to  its 
mature  size  (12,13).  Furthermore ,  a  protein  intermediate  in  size 
between  the  precursor  and  mature  subunit  has  been  identified,  and  pre¬ 
sumably  represents  an  intermediate  in  the  processing  pathway  (13-15). 

The  evidence  that  OTC  is  synthesized  as  a  larger  precursor 
and  then  processed  in  one  or  more  steps  to  a  final  size  is  part  of  a 
growing  literature  on  precursor  forms  of  many  proteins,  including 
peptide  hormones,  secretory  and  integral  membrane  proteins,  and  other 
enzymes.  Particularly  intriguing  are  questions  involving  the 
mechanisms  of  transport  and  insertion  into  intracellular  membranes 
and  membrane-bound  organelles,  and  the  relation  of  the  precursor 
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sequence  to  these  events.  For  OTC  and  other  mitochondrial  matrix 
enzymes  this  transport  involves  crossing  two  mitochondrial  membranes 
and  the  intermembrane  space  to  reach  their  ultimate  matrix  destination. 
Studies  of  secretory  proteins  have  indicated  that  one  transport 
mechanism  is  a  co translational  insertion  of  the  protein  into  the  endo¬ 
plasmic  reticulum  membrane,  directed  by  the  amino  acid  extension  or 
"signal"  region  (16).  Many  non-secretorv  proteins  also  traverse 
cellular  membranes,  and  studies  of  chlorplast,  viral,  and  mitochondrial 
proteins  suggest  that  several  different  schemes  of  translocation  may  be 
employed  in  intracellular  organelles.  Within  this  context,  then, 
investigation  of  OTC  biogenesis  should  contribute  to  a  greater  under¬ 
standing  of  such  synthetic  and  transport  processes. 

One  question  concerning  these  transport  mechanisms  is  whether 
energy  is  required  for  translocation.  To  study  this  in  a  system  in¬ 
volving  transfer  into  the  mitochondrion,  one  can  specifically  inhibit 
the  mitochondrial  production  of  energy  by  using  inhibitors  of  the 
mitochondrial  electron  transport  chain  or  uncouplers  of  oxidative 
phosphorylation,.  The  investigation  of  such  requirements  for  the 
vectorial  processing  of  CTC  of  rat  liver  was  undertaken  and  is  re¬ 
ported  here.  The  working  hypothesis  presumed  that  if  either  the 
translocation  of  CTC  or  its  cleavage  into  the  mature  form  required 
energy,  successful  blockade  of  energy  production  would  prevent  pro¬ 
cessing  to  the  mature  form.  The  methods  centered  on  synthesis  of  CTC 
precursor  in  the  absence  of  mitochondria,  followed  by  addition  of 
mitochondria  to  allow  processing  to  the  mature  size  subunit.  The 
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mitochondria  were  treated  with  specific  types  of  energy  poisons  prior 
to  their  addition  to  the  newly  translated  proteins.  The  results  of 
this  study  indicate  that  the  in  vitro  vectorial  processing  of  the 
precursor  to  mature  subunit  by  intact  mitochondria  is  energy- 
dependent,  although  processing  to  the  intermediate-sized  protein  is 
not.  Further,  based  in  part  upon  this  work,  a  model  was  developed 
proposing  that  the  energy-dependent  step  identified  with  these 
techniques  is  the  translocation  of  the  intermediate-sized  form  of 
ornithine  transcarbamylase  across  the  inner  mitochondrial  membrane 
(17).  While  this  manuscript  was  being  prepared,  the  findings  of 
Mori  et  al  (18)  became  available,  which  are  in  essential  agreement 
on  the  inhibition  of  processing  of  pre-omithine  transcarbamylase 
by  uncouplers  of  oxidative  phosphorylation. 
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BACKGROUND 


A.  PROTEIN  PROCESSING 

Investigations  of  protein  biogenesis  have  revealed  that  a 
variety  of  proteins  are  first  synthesized  as  larger  precursors  and 
ultimately  cleaved  to  their  mature  size.  Many  such  proteins  are 
transferred  through  intracellular  membranes  for  packaging  as  sec¬ 
retory  proteins,  for  membrane  insertion,  or  for  sequestration  within 
a  membrane-enclosed  organelle.  Studies  of  secretory  protein  syn¬ 
thesis  have  centered  on  the  signal  hypothesis,  originally  elaborated 
by  Blobel  and  Dobberstein  (16).  This  scheme  as  currently  proposed 
suggests  that  the  precursor  proteins  contain  an  amino-terminal  poly¬ 
peptide  extension  or  an  internal  signal  sequence  which  acts  as  a 
recognition  site  for  interaction  with  specific  proteins  required  for 
translocation.  This  recognition  occurs  concomitantly  with  the  syn¬ 
thesis  of  protein  on  free  polysomes.  Recent  work  has  revealed  a 
"signal  recognition  protein"  (SRP)  (19)  which  interacts  with  polysomes 
and  arrests  sythesis  of  secretory  proteins.  Further,  an  endoplasmic 
reticulum  membrane  protein  ("docking  protein")  (20)  has  been  identified 
which  appears  to  interact  with  the  SRP-polysome  complex,  allowing  pro¬ 
tein  synthesis  to  resume  and  facilitating  translocation.  The  peptide 
chain  traverses  the  membrane  through  a  "channel"  as  translation  con¬ 
tinues,  and  thus  the  mechanism  has  been  described  as  cotranslational 
vectorial  insertion.  Cleavage  of  the  polypeptide  signal  during  trans¬ 
fer  completes  the  process,  and  the  mature  form  of  the  protein  is  then 
found  only  on  one  side  of  the  membrane. 
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An  alternative  hypothesis,  concerned  especially  with  integral 
membrane  proteins,  holds  that  such  cotranslational  insertion  and 
signal  cleavage  do  not  provide  the  driving  force  for  protein  entry 
into  the  membrane.  Rather,  Wickner's  membrane  trigger  hypothesis 
(21)  suggests  that  the  role  of  the  signal  region  is  to  modify  the 
folding  pattern  of  the  peptide  chain.  This  would  then  allow  a  thermo¬ 
dynamically  favorable  configuration  for  membrane  entry.  This  model 
does  not  involve  either  a  "pore"  for  protein  entry,  or  specific  binding 
of  the  ribosome  to  the  membrane.  The  membrane  trigger  hypothesis  is 
attractive  in  explaining  the  insertion  of  certain  integral  membrane 
proteins  with  a  complex  membrane  insertion,  such  as  the  human  erythro¬ 
cyte  band  III  protein  which  has  a  polarity  opposite  to  that  expected 
if  the  N-terminus  entered  the  membrane  first  and  proceeded  in  a  linear 
fashion  (21).  However,  variations  of  the  signal  hypothesis  also  might 
explain  such  insertions,  and  at  present  the  signal  model  is  more  widely 
accepted. 

The  signal  hypothesis  mechanism  has  been  found  to  hold  for  a 
variety  of  secretory  proteins  (22),  with  experiments  confirming  the  re¬ 
quirement  that  a  signal  sequence  be  present  in  order  for  transfer  to 
occur.  Although  the  known  signal  regions  of  different  proteins  do  not 
share  sequence  homology,  most  appear  to  display  appropriate  amino  acid 
residues  for  the  formation  of  relatively  hydrophobic  domains  (22). 

This  hydrophobicity  may  allow  passage  through  the  lipid  bilayer;  al¬ 
ternatively  it  may  be  important  for  recognition  by  the  SRP.  Such  hydro¬ 
hydrophobic  regions  may  also  be  of  value  to  those  secretory  proteins 
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with  a  signal  sequence  present  within  the  polypeptide  chain  rather 
than  at  the  amino  terminus  (23).  It  is  proposed  that  these  internal 
sequences  assume  the  proper  hydrophobic  configuration  for  transfer 
through  the  bilayer  as  nascent  polypeptides,  but  then  are  not  cleaved 
after  cisternal  sequestration. 

While  evidence  for  such  vectorial  translation  has  accumulated 
for  many  secretory  proteins,  it  has  also  become  apparent  that  pro¬ 
teins  destined  for  internalization  within  chloroplasts  and  mito¬ 
chondria  do  not  generally  follow  this  scheme.  Schatz  (24)  noted  that 
if  co-translational  translocation  were  operating  with  respect  to  such 
organelles,  the  following  predictions  should  hold:  (i)  that  pools 
of  precursor  protein  should  not  accumulate  in  the  cytoplasm,  since 
they  would  be  imported  into  the  organelle  during  synthesis,  and  (ii) 
that  import  of  such  proteins  should  proceed  only  with  concomitant 
protein  synthesis.  In  fact,  for  many  mitochondiral  proteins,  neither 
of  these  predictions  has  been  verified  (24).  Experiments  have  demon¬ 
strated  both  the  cytoplasmic  accumulation  of  precursors,  and  the  sub¬ 
sequent  ability  of  mitochondria  to  import  and  process  these  proteins 
to  their  smaller  size  even  after  protein  synthesis  has  been  blocked. 
Also,  not  all  mitochondrial  proteins  have  been  demonstrated  to  have 
a  different  size  precursor,  and  these  are  apparently  also  transferred 
after  cytoplasmic  synthesis.  Thus  while  similar  principles  are  clearly 
involved  in  the  transmembrane  transfer  of  secretory  and  organellar 
proteins,  including  mechanisms  of  protein  recognition  and  probably 
hydrophobic  signal  region  interaction,  vectorial  translation  is  un- 
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likely  to  be  operating  in  the  latter  group  of  proteins.  Much  of 
the  current  information  concerning  transfer  mechanisms  has  been  ob¬ 
tained  from  the  study  of  mitochondria  in  yeast  and  Neurospora,  and 
of  chloroplasts  in  higher  plant  cells,  and  will  now  be  reviewed. 

1.  Mitochondrial  Protein  Biosynthesis  and  Processing  in  Yeast  and 

Neurospora 

The  biosynthesis  of  a  number  of  yeast  and  Neurospora  mito¬ 
chondrial  proteins  has  been  extensively  studied  by  Schatz,  Neupert, 
and  their  colleagues.  It  is  useful  to  consider  mitochondrial  pro¬ 
teins  with  respect  to  their  localization  within  the  organelle.  Mito¬ 
chondria  are  composed  of  two  lipid  bilayer  membranes  surrounding  the 
matrix,  and  therefore  contain  proteins  in  two  membrane  bound  com¬ 
partments  —  the  matrix  and  intermembrane  space  —  as  well  as  proteins 
partially  or  completely  integrated  within  the  inner  and  outer  membranes. 
The  majority  of  mitochondrial  proteins  are  encoded  on  nuclear  genes, 
and  are  synthesized  upon  cytosolic  ribosomes  (25).  After  synthesis  they 
must  be  transferred  through  one  or  both  membranes  to  their  functional 
site.  Protein  synthesis  can  be  studied  by  using  radioactively  labeled 
amino  acids ,  either  in  vivo  ( in  intact  cells  or  spheroplasts ) ,  or 
in  vitro,  using  cell-free  preparations  in  the  presence  or  absence  of 
mitochondria.  Both  approaches  have  been  utilized  to  demonstrate  the 
presence  of  mitochondrial  precursor  protein  in  the  cytosol.  In 
general,  to  recognize  such  proteins  most  investigators  use  specific 
antisera  raised  against  isolated  mature  proteins,  which  also  bind  the 
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corresponding  precursor  protein.  These  proteins  are  then  dissociated 
from  their  antibodies  and  then  identified  using  gel  electrophoresis. 
This  technique  and  other  methodology  are  discussed  more  fully  in  the 
"Methods"  section  below, 
a.  Fi-ATPase 

The  yeast  mitochondrial  F^-ATPase  protein  is  located  on  the 
matrix  side  of  the  inner  membrane,  and  is  composed  of  five  non¬ 
identical  subunits  which  are  synthesized  on  cytoplasmic  ribosomes. 
Maccechini  et  al.  have  demonstrated  both  in  vitro ,  and  in  vivo  in 
yeast  spheroplasts ,  that  the  three  largest  subunits,  designated 
a,  3,  and  y  ,  are  synthesized  as  separate  polypeptides  each  with  a 
precursor  which  is  2000-6000  daltons  larger  than  the  mature  sub¬ 
unit  (26).  The  addition  of  yeast  mitochondria  to  a  reticulocyte 
lysate  cell-free  preparation  of  precursors  results  in  the  uptake  and 
processing  of  the  subunits  to  their  mature  sizes.  Moreover,  Nelson 
and  Schatz  demonstrated  that  such  translocation  and  processing  can 
be  prevented  by  the  depletion  of  energy  from  the  system  (27). 

Such  energy  dependence  of  the  processing  of  these  and  other  precur¬ 
sors  will  be  discussed  more  fully  below, 
bo  Cytochrome  c  Oxidase 

Cytochrome  c  oxidase  of  yeast,  another  mitochondrial  inner 
membrane  protein,  functions  as  a  member  of  the  electron  transport 
chain.  It  consists  of  seven  subunits,  only  four  of  which  (subunits 
IV,  V,  VI,  VII)  are  encoded  in  the  nuclear  genome  and  synthesized 
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on  cytosolic  ribosomes.  Despite  reports  that  these  subunits  are 
initially  synthesized  as  a  single  polyprotein  precursor  (28)  recent 
studies  indicate  that  each  of  these  four  subunits  is  likely  syn¬ 
thesized  as  anindividual  polypeptide  (2S,30).  For  subunits  IV,  V,  and 
VI ,  these  polypeptides  are  precursors  which  are  each  1500-3000 
dal tons  larger  than  the  mature  subunits;  however,  despite  use  of  a 
system  which  could  resolve  differences  in  molecular  weight  to  about 
1000  (approximately  10  amino  acids),  no  larger  precursor  has  been 
found  for  subunit  VII.  Again,  these  precursors  were  detected  in  both 
in  vivo  and  in  vitro  systems, 
c.  Cytochrome  c 

The  biosynthesis  of  cytochrome  c,  a  protein  of  the  outer 
(cytoplasmic)  face  of  the  inner  mitochondrial  membrane,  has  been 
studied  in  Neurospora  by  Neupert  and  colleagues  (31,32).  The 
mature  form  of  this  protein,  designated  holocytochrome  c,  exists  in 
covalent  attachment  to  a  heme  group.  Neupert  has  demonst rated  that 
apocytochrome  c,  the  non-hone  linked  ’precursor'  is  synthesized  on 
cytoplasmic  ribosomes  and  is  the  same  size  as  the  protein  of  the 
mature  holocytochrome  c  ( 31 ) .  Thus ,  although  one  may  speculate  as 

to  the  presence  of  an  internal  signal  region  which  is  not  cleaved, 
the  finding  that  the  primary  translation  product  is  of  equal  size 
to  the  mature  protein  suggests  that  larger  precursors  may  play  re¬ 
quired  roles  for  only  some  types  of  mitochondrial  proteins. 
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d.  ADP/ATP  Carrier  Protein 

Another  protein  of  the  mitochondrial  inner  membrane  studied  in 
Neurospora  is  the  ADP/ATP  carrier  protein  (adenine  nucleotide  trans¬ 
porter).  The  carrier  is  a  dimeric  integral  membrane  protein,  and  in 
cell-free  and  cellular  yeast  preparations  its  cytoplasmic  synthesis 
as  a  monomer  has  been  demonstrated  (33,34).  The  monomer  has  the  same 
molecular  weight  as  the  mature  monomeric  form  of  the  protein  (34). 

Moreover,  in  studies  using  formylated  initiation  methionyl  tRNA 
Met 

( fMet-tRNA_jr  )  the  cytosolic  and  mitochondrial  forms  were  found  to 

have  the  same  N-terminal  sequence  (34).  This  carrier  protein 
therefore  represents  a  second  example  of  an  integral  membrane  protein 
with  a  cytosolic  precursor  of  the  same  size  as  the  mature  form. 

In  a  related  set  of  studies  Ziirrnermann et  al.  argue,  based  upon 
competition  experiments ,  that  the  carrier  protein  and  apocytochrome 
c  (discussed  above)  do  not  share  a  cannon  transport  pathway  into  the 
mitochondrion  (32).  These  experiments  represent  an  attempt  to  gather 
evidence  regarding  a  central  question  involved  in  protein  uptake  and 
processing,  that  of  receptor  or  transport  specif icity  for  various 
proteins.  Their  findings  appear  to  suggest  that,  despite  the  absence 
of  an  amino- terminal  peptide  extension,  these  two  proteins  are  re¬ 
cognized  as  unique  by  the  mitochondrial  membrane „ 

e.  Cytochrome  c  Peroxidase 

Inner  membrane  proteins  are  not  the  only  mitochondrial  proteins 
synthesized  as  larger  precursors.  In  cell  free  yeast  systems  Maccec- 
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chini  et  al.  have  demonstrated  that  cytochrome  c  peroxidase,  an 
intermembrane  space  protein,  is  synthesized  on  cytosolic  ribosomes 
as  a  larger  precursor,  and  can  be  processed  to  its  mature  form  by 
the  addition  of  mitochondria  (35).  Of  interest  is  the  evidence 
that  this  transfer  is  not  affected  by  depletion  of  mitochondrial 
ATP,  leading  to  speculation  that  cytosolic  ATP  may  play  a  role  in 
the  transport  of  intermembrane  space  proteins, 
f.  Cytochrome  b2  and  Cytochrome  cy 

Recent  study  of  two  additional  mitochondrial  proteins  in 
yeast,  the  intermembrane  space  protein  cytochrome  b2  and  a  protein 
bound  to  the  outer  face  of  the  inner  membrane,  cytochrome  c^,  has 
revealed  that  these  are  also  synthesized  in  the  cytoplasm  as  larger 
precursors  ( 36 ) .  Moreover ,  the  evidence  suggests  that  they  are 
each  processed  in  two  separate  steps,  one  of  which  is  energy  depen¬ 
dent.  The  investigators  propose  a  multi-step  biosynthetic  pathway  for 
these  proteins,  which  is  similar  in  many  respects  to  the  pathway 
emerging  from  evidence  gathered  on  the  eukaryotic  mitochondrial 
protein  OTC.  This  model  will  be  considered  in  detail  below. 

2.  Chloroplast  Protein  Biosynthesis  and  Processing 

Chloroplasts  represent  in  many  respects  a  mitochondrial  counter¬ 
part  in  eukaryotic  plant  cells.  They  are  structurally  similar,  con¬ 
sisting  of  two  lipid  bilayer  membranes  surrounding  the  stroma,  and 
functionally  similar  in  their  ability  to  generate  energy.  They  are 
therefore  appropriately  studied  in  conjunction  with  mitochondria  in 
regard  to  uptake  of  cytosolic  proteins.  The  recent  demonstration 
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that  indeed  chloroplast  precursor  proteins  can  be  isolated  in  the 
cytoplasm  and  converted  to  mature  proteins  by  the  addition  of  chloro- 
plasts  confirms  that  the  developing  hypotheses  on  protein  processing 
may  have  broad  application.  An  example  is  considered  below, 
a.  Ribulose-l,5-bisphosphate  Carboxylase,  small  subunit 

Two  groups  of  investigators  have  studied  the  transport  and  pro¬ 
cessing  of  the  small  subunit  (S)  of  the  chloroplast  protein  ribulose- 
1 , 5-bisphosphate  carboxylase,  from  pea,  (37)  and  pea  and  spinach 
(38).  Their  in  vitro  studies  indicate  that  the  small  subunit  is 
synthesized  as  a  larger  precursor  (pS)  on  cytosolic  ribosomes,  and 
can  be  converted  to  the  mature  size  by  chloroplasts .  This  work  is 
directly  analogous  to  that  done  in  yeast,  Neurospora,  and  mammalian 
cells  with  mitochondria.  Moreover,  the  uptake  and  processing  of  the 
S  protein,  as  well  as  that  of  two  polypeptides  of  another  chloroplast 
protein,  is  dependent  upon  energy  (39).  The  energy  requiring  step 
appears  to  be  at  the  level  of  transport.  As  will  be  noted  later, 
this  is  consistent  with  emerging  models  of  mitochondrial  protein 
transport . 

3.  Mitochondrial  Protein  Biosynthesis  and  Processing  in  Mammalian 

Cells 

There  are  primarily  two  mitochondrial  proteins  of  mammalian 
cells  for  which  precursor  synthesis  and  processing  have  been  well 
demonstrated. 

a.  Carbamyl  phosphate  Synthetase 
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Carbamvl  phosphate  synthetase  (CPS)  is  a  matrix  enzyme  in  liver 
and  catalyzes  the  first  reaction  in  the  urea  cycle.  CPS  constitutes 
20-30%  of  total  matrix  protein  of  rat  liver,  and  is  synthesized  on 
free  cytosolic  ribosomes  as  a  precursor  with  a  molecular  weight  of 
5500  greater  than  the  mature  mitochondrial  form  (40).  Moreover,  the 
precursor  (pCPS)  can  be  detected  in  vivo  (41,42)  although  inhibition 
of  the  processing  step  apparently  does  not  result  in  accumulation  of 
a  large  precursor  pool  (43).  Whether  this  apparent  rapid  cytosolic 
clearing  effect  has  physiologic  significance  remains  unclear, 
b.  Ornithine  transcarbamylase 

The  biogenesis  of  OTC  in  rats  has  been  worked  out  largely  by 

Rosenberg  and  colleagues,  and  by  Tatibana,  Cohen,  and  colleagues  in 

Japan.  The  subunit  is  synthesized  with  a  molecular  weight  of  about 

4000  greater  than  the  mature  subunit  size  (11,12).  The  amino-terminal 

location  of  this  peptide  extension  has  been  demonstrated  using 
Met 

fmet-tRNA-f  to  specifically  label  the  amino  terminus.  When  this 
labeled  OTC  is  processed  to  mature  subunit  by  mitochondria  iri  vitro, 
the  amino  terminus  is  cleaved  (14).  This  processing  includes  the 
production  of  a  protein  intermediate  in  size  between  the  precursor 
(pOTC)  and  the  mature  protein,  which  is  designated  iOTC  (13-15). 

j  | 

The  final  cleavage  to  mature  subunit  occurs  by  a  Zn  -  dependent 
protease  located  in  the  mitochondrial  matrix  (44).  Thus  the  pro¬ 
cessing  of  OTC  has  been  hypothesized  to  involve  two  sequential  pro¬ 
teolytic  steps,  the  first  producing  iOTC  and  the  second  producing 
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mature  subunit  (15).  More  details  regarding  this  processing 
pathway  have  emerged  from  the  study  of  its  energy  requirements  re¬ 
ported  here,  and  are  discussed  below. 

B.  ENERGY  -  DEPENDENT  TRANSPORT 

The  role  of  energy  in  the  transport  and  processing  of  mito¬ 
chondrial  proteins  has  been  studied  as  information  on  precursor 
pathways  has  emerged.  Cellular  processes  employ  energy  in  a  variety 
of  forms,  including  energy  derived  from  chemical  bonds,  from  ATP 
directly,  and  from  electro-chemical  gradients.  Further,  in  consider¬ 
ing  precursor  processing,  cleavage  of  a  signal  peptide  might  yield 
a  more  favorable  thermodynamic  configuration  for  a  protein,  thus 
driving  transport.  Specific  experimental  measures  can  block  one  or 
more  of  these  energy  supplies,  providing  information  not  only  on  the 
type  of  energy  but  on  the  location  of  its  use  in  the  pathway.  Par¬ 
ticularly  relevant  to  the  studies  reported  here  is  the  general  path¬ 
way  of  the  electron  transport  chain  and  oxidative  phosphorylation. 

As  has  been  extensively  documented,  the  flow  of  energy  occurs  along 
a  series  of  electron  carriers,  including  cytochromes  located  in  the 
inner  mitochondrial  membrane  (Figure  2)  (45).  This  pathway  was 
initially  elucidated,  and  subsequently  widely  studied,  by  employing 
specific  inhibitors  (Figure  2),  Energy  derived  from  this  movement 
of  electrons  down  the  cytochrome  pathway  is  used  for  the  synthesis  of 
ATP  in  oxidative  phosphorylation.  As  initially  proposed  by  Mitchell 
(46)  and  now  well  accepted  (47),  this  ATP  synthesis  occurs  via  the 
creation  of  an  electrochemical  potential  which  can  be  transiently 


-17- 


p 


dissipated  in  the  presence  of  an  uncoupler  of  oxidative  phosphorylation, 
by  allowing  the  flow  of  H+  ions  back  across  the  mitochondrial  membrane. 
Thus  one  can  monitor  the  specific  area  of  energy  generation,  i.e. 
electron  transport  or  membrane  potential,  which  is  required  for  a 
given  process.  As  related  to  the  transport  of  proteins  at  the 
cellular  membrane,  if  such  transport  were  dependent  upon  the  genera¬ 
tion  of  either  ATP  or  an  electrochemical  potential,  transport  could 
be  prevented  by  interrupting  such  energy  generating  mechanisms.  A 
review  of  efforts  to  study  these  processes  in  several  systems  is 
presented  below. 

1.  Yeast  and  Neurospora 


Early  evidence  that  mitochondrial  proteins  in  Neurospora  did 
not  follow  the  general  model  of  cotranslational  insertion  into  the 
mitochondrion  was  reported  using  pulse-chase  studies  in  intact  cells 
(48).  These  experiments  demonstrated  the  accumulation  of  an  extra- 
mitochondrial  pool  of  proteins  prior  to  their  appearance  in  the 
mitochondrion.  Similarly  a  cell-free  supernatant  preparation  could 
be  used  for  in  vitro  protein  synthesis  and  then  a  mitochondrial  sub¬ 
fraction  analyzed  for  newly  synthesized  protein  (49).  In  both  the 
in  vivo  and  in  vitro  systems  the  appearance  of  new  protein  in  mito¬ 
chondria  could  be  prevented  by  the  addition  of  the  uncoupler  CCCP,* 1 
although  it  had  little  effect  on  protein  synthesis.  This  suggested 
that  the  transfer  of  proteins  from  the  cytosol  to  the  mitochondrion 
required  energy. 

1  The  abbreviations  used  are:  CCCP,  carbonylcyanide  m-chlorophenylhydra- 
zone;  DNP,  2,4-dinitrophenol;  SDS,  sodium  dodecv 1 sul f at e ;  BSA,  bovine 
serum  albumin;  FCCP,  carbonylcyanide  p-trifluoromethoxyphenvlhydrazone; 
Hepes,  4-(2-hvdroxyethyl)-l-piperazineethanesulfonic  acid;  EGTA,  ethylene 
glycol  bis  (3 -aminoethyl  ether)-N,N,N' ,N'-tetraacetic  acid. 
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Following  the  observations  that  some  mitochondrial  proteins 
were  not  only  synthesized  in  the  cytoplasm  but  were  made  as  larger 
precursors  before  import,  Nelson  and  Schatz  studied  the  energy  re¬ 
quirements  for  protein  processing  in  yeast  spheroplasts  (27).  The 
mitochondrial  matrix  can  acquire  ATP  either  by  oxidative  phosphory¬ 
lation  of  ADP,  using  energy  derived  via  the  electron  transport  chain, 
or  by  import  of  glycolytically  generated  ATP  from  the  cytoplasm  using 
the  inner  membrane  adenine  nucleotide  carrier  protein.  Each  of  these 
sources  can  be  interrupted.  Oxidative  phosphorylation  can  be  blocked 
using  specific  inhibitors  of  the  electron  transport  chain,  or  by 
using  a  mutant  cell  line  which  is  missing  several  mitochondrial 
cytochromes.  Similarly  import  of  cytoplasmic  ATP  can  be  reduced  using 
a  specific  inhibitor  of  the  adenine  nucleotide  carrier,  or  with  a 
different  specific  yeast  mutant.  With  the  use  of  a  combination  of 
these  methods,  such  that  both  oxidative  phosphorylation  and  the 
adenine  nucleotide  carrier  were  inhibited,  matrix  ATP  could  be 
effectively  depleted.  This  resulted  in  prevention  of  processing  of 
the  a,  3,  and  K  subunits  of  the  mitochondrial  F] -ATPase,  of  cyto¬ 
chrome  Cj,  and  of  two  subunits  of  the  cytochrome  bc-[  complex  located 
in  the  inner  mitochondrial  membrane.  Similar  effects  were  shown 
using  the  uncoupler  CCCP.  Thus  clear  evidence  of  an  energy  require¬ 
ment  for  the  processing  of  mitochondrial  protein  was  demonstrated. 

The  particular  steps  in  the  processing  pathway  which  required  energy 
(recognition,  transport,  cleavage,  etc.)  remained  unclear,  however, 
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as  did  a  more  specific  conclusion  as  to  the  type  of  energy  involved. 

A  more  recent  paper  by  Schatz  and  co-workers  has  addressed 
these  issues  (36).  They  demonstrated  that  cytochrome  \>2,  an  inter- 
manbrane  space  protein,  and  cytochrome  c^,  each  are  synthesized  as 
precursors,  cleaved  to  an  intermediate  form,  and  then  can  be  pro¬ 
cessed  to  the  final  protein  size.  Processing  of  both  proteins  re¬ 
quires  energy.  For  example,  addition  of  the  uncoupler  CCCP  in  vivo 
results  in  the  accumulation  of  cytochrome  b2  precursor,  which  can  then 
be  converted  to  intermediate  and  mature  forms  following  chemical 
removal  of  the  inhibitor.  This  result  along  with  data  regarding  other 
types  of  inhibitors  suggests  that  the  membrane  potential,  which  is 
collapsed  by  CXXP,  provides  the  energy  for  processing.  This  is  con¬ 
sistent  with  findings  in  other  systems  as  well.  Further,  these  in¬ 
vestigators  have  evidence  for  a  model  (to  be  considered  in  more  detail 
later)  which  postulates  the  first  processing  step  occurring  in  the 
matrix,  with  the  final  conversion  of  intermediate  to  mature  occurring 
at  an  undetermined  location.  The  evidence  suggests  that  the  energy 
requirement  is  not  for  cleavage  per  se,  but  rather  for  an  import 
step  of  the  pathway. 

2.  Phage  and  Bacteria 

Parallel  findings  suggesting  the  requirement  of  energy  for 
specific  protein  processing  steps  are  emerging  in  non-mitochondrial 
systems,  for  some  secretory  and  non-secretory  proteins.  One  such 
example  involves  the  coat  protein  of  the  Ml 3  coliphage,  a  protein 
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which  becomes  bound  to  the  host  cytoplasmic  membrane  during  viral 
infection.  Coat  protein  is  synthesized  on  free  polyribosomes  as  a 
precursor  (procoat)  with  an  amino-terminal  extension,  and  is  post- 
translationally  inserted  into  the  membrane  and  processed  (50). 

The  addition  of  CCCP  prevents  the  processing  of  procoat  to  coat ,  al¬ 
though  in  control  experiments  CCCP  does  not  directly  inhibit  the 
"leader  peptidase"  responsible  for  procoat  processing  (51).  Because 
of  the  action  of  CCCP  in  disrupting  the  membrane  potential,  this 
strongly  suggests  that  an  electrochemical  gradient  is  needed  for 
processing  to  occur.  A  likely  site  for  the  energy  use  is  the  transfer 
of  a  portion  of  the  protein  into  the  membrane. 

Similar  studies  have  been  performed  on  two  periplasmic  proteins 
of  E.  coli,  which  are  synthesized  on  membrane- bound  polysomes  and 
then  processed  and  secreted  through  the  membrane  (52).  Addition 
of  CCCP  prevented  the  processing  of  these  proteins,  resulting  in  a 
concomitant  increase  in  the  membrane-bound  precursor  forms  „  Pro¬ 
cessing  could  be  restored  by  diluting  the  inhibitor  concentration. 
Moreover ,  these  investigators  calculated  the  membrane  potential  in 
the  presence  and  absence  of  CCCP.  This  was  done  by  measuring 
Pt^MePBr  (triphenylmethylphosphonium  bromide)  uptake  and  calculating 
the  membrane  potential  using  the  Nernst  equation.  They  confirmed  a 
sharp  drop  in  potential  in  the  presence  of  CCCP.  They  suggest  that 
this  electrochemical  gradient  is  required  to  allow  the  proper 
functional  orientation  of  peptides  within  the  membrane  in  order  for 
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processing  to  occur.  The  evidence,  then,  in  both  bacterial  and  phage 
systems  suggests  that  processing  requires  energy  for  some  aspect  of 
orientation  or  transfer  within  the  membrane. 

3.  Mammalian  Cells 

The  demonstration  of  energy  requirements  for  processing  in 
yeast,  bacteria,  and  viruses  suggest  that  similar  steps  may  be 
occurring  in  mammalian  cell  models.  This  was  studied  with  respect 
to  the  processing  of  OTC  in  rat  liver  cells  and  is  reported  below. 
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EXPERIMENTAL  DESIGN 


A.  MATERIALS  AND  METHODS 

1.  Source  of  Materials 

L-(35S)methionine  (>600  Ci/nmol)  was  purchased  from  Amersham; 

2 , 4-dinitrophenol  (DNP),  rotenone,  atractvloside,  oligomvcin ,  ATP, 
ADP,  sodium  dodecylsulfate  (SDS),  and  bovine  serum  albumin  (BSA) 
were  from  Sigma;  KCN  was  from  Fisher;  antimvcin  and  valinanycin  were 
from  P-L  Biochemicals;  carbonyl  cyanide  p-trifluoromethoxyphenyl- 
hydrazone  (FCCP)  was  from  Pierce;  Bio-Gel  P6  was  from  Bio-Rad; 
ENTRANCE  was  from  New  England  Nuclear.  Other  reagents  used  for 
translation  and  immunoprecipitation  were  obtained  as  described  pre¬ 
viously  (13). 

2.  General  Procedures  (Figure  3) 

a.  Cell-Free  Translation  and  Imnunoprecipitation 

Cell-free  protein  synthesis  was  performed  in  a  nuclease-treated 
rabbit  reticulocyte  lysate  system,  described  by  Pelham  and  Jackson 
(53).  Synthesis  was  directed  by  rat  liver  polysomal  RNA  prepared  as 
described  (11).  Immunoprecipitation  following  protein  synthesis  or 
post-translational  processing  was  carried  out  using  rabbit  anti-OTC 
antiserum,  prepared  as  described  earlier  (11).  This  antiserum  was 
raised  using  homogeneous  bovine  OTC  and  was  monospecific  by  immuno- 
electrophoretic  and  immunodiffusion  analysis.  Fresh  livers  from  male 
Sprague-Dawley  rats  (150-200  g)  were  used  for  preparation  of 
intact  mitochondria  and  mitochondrial  subfractions  exactly  as 
described  by  Conboy  et  al  (44).  The  protein  determinations  of  these 
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mitochondrial  fractions  was  done  as  described  previously  (54). 

The  irrmunoprecipitated  CTC  was  analyzed  using  SDS/10%  polyacrylamide 
gel  electrophoresis  (55),  and  dried  gels  were  visualized  with 
flourography  (56),  according  to  published  procedures., 
bo  Post-translational  Processing  of  the  Ornithine  Transcarb- 
amylase  Precursor  by  Mitochondrial  Fractions 

Reaction  mixtures  contained  002-0o3  mg  of  mitochondria  or 
mitochondrial  subfractions  suspended  in  mitochondrial  isolation 
buffer  (Buffer  A:  2mM  Hepes,  pH  704  at  4°C,  220  mM  mannitol,  70  mM 
sucrose,  0.5  mg/ml  bovine  serum  albumin).  After  1  nil  EGTA  and 
respiratory  inhibitors  or  uncouplers  were  added  as  indicated  in  the 
text  and  figure  legends,  the  mixture  was  incubated  at  26°C  for  10 
min.  Then  20-40  yl  of  translation  mixture  was  added  (final  volume 
of  processing  mixture,  100  yl)  and  incubation  continued  at  26°C. 

The  reaction  was  terminated  by  the  addition  of  0.90  ml  of  a  solution 
of  150  mM  NaCl,  10  mM  EDTA,  0.5%  Triton  X-100,  2%  (w/v)  unlabeled 
methionine,  0.25%  SDS  (Buffer  B),  and  the  samples  were  inmunoprecipi- 
tated,  separated  by  SDS/polyacrylamide  gel  electrophoresis,  and  visu¬ 
alized  by  fluorography  as  described  above.  In  sane  experiments,  after 
60  min  of  processing  with  mitochondria,  samples  were  centrifuged  at 
15,000  x  g  for  5  min.  The  supernatants  were  removed  and  brought  to  a 
volume  of  1  ml  with  Buffer  B;  the  mitochondrial  pellets  were  rinsed 
once  with  isolation  buffer  (Buffer  A)  and  resuspended  in  1  ml  of 
Buffer  B. 
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Co  Gel  Filtration  of  Translation  Mixture 

After  in  vitro  translation,  0.50  ml  of  the  (  S)methionine- 
labeled  translation  mixture  was  applied  to  a  2  ml  Bio-Gel  P6  gel 
filtration  column  (0.8  x  5  an)  in  Buffer  A  and  the  column  was  eluted 
with  the  same  buffer.  The  excluded  fraction  (containing  most  of 
the  proteins  originally  in  the  translation  mixture)  was  then  used 
for  posttranslational  processing  by  the  mitochondrial  fraction  as 
described  above. 
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RESULTS 


Inhibition  of  Formation  of  Mature  Ornithine  Trans carbamvlase  Subunit 
by  Uncouplers  and  Inhibitors  of  Electron  Transport 

Figure  4  shows  the  effects  of  a  number  of  compounds  which  either 
inhibit  mitochondrial  electron  transport  or  uncouple  oxidative  phos¬ 
phorylation  on  the  ability  of  mitochondria  to  process  the  precursor 
form  of  ornithine  transcarbamylase  to  the  mature  subunit.  In  the 
absence  of  mitochondria  (lane  1)  only  the  precursor  was  present; 
addition  of  untreated  isolated  mitochondria  (lane  2)  allowed  pro¬ 
cessing  to  the  mature  subunit.  Rotenone  (lane  3)  and  antimycin 
(lane  4),  which  inhibit  the  mitochondrial  electron  transport  chain 
at  site  I  and  site  II,  respectively  (57),  each  reduced  but  did  not 
eliminate  entirely  the  formation  of  the  mature  subunit  (cf.  lane  2). 
In  contrast,  oligomycin,  an  inhibitor  of  oxidative  phosphorylation 
at  the  level  of  the  F-j-ATPase  (57)  (lane  5),  and  atractyloside ,  an 
inhibitor  of  the  adenine  nucleotide  translocation  sjfstem  (58) 

(lane  6),  did  not  affect  processing  to  the  mature  subunit  by  mito¬ 
chondria.  Despite  different  mechanisms  of  action,  three  different 
uncouplers  of  oxidative  phosphorylation ,  DNP  (lane  7),  valinomvcin 
(lane  8),  and  FCCP  (lane  9),  each  produced  virtually  complete  in¬ 
hibition  of  the  appearance  of  the  mature  form.  Signif icantlv,  none 
of  these  respiratory  inhibitors  and  uncouplers  prevented  the 
appearance  of  the  intermediate-sized  ornithine  transcarbamylase 
protein . 
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The  effects  of  respiratory  chain  inhibitors  were  further 
explored,  as  shown  in  lanes  10-12 .  KCN,  which  blocks  site  III 
respiration,  decreased  processing  to  mature  subunit  (lane  10). 
Although  rotenone  and  antimycin  were  each  only  partially  effective 
in  preventing  processing  (lanes  3  and  4),  in  combination  these 
agents  blocked  processing  almost  completely  (lane  11).  Finally, 
when  succinate,  a  respiratory  substrate  which  enters  the  electron 
transport  chain  at  site  II,  was  added  along  with  rotenone,  pro¬ 
cessing  to  the  mature  subunit  was  partially  restored  (lane  12). 
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Concentration-Dependence  and  Reversibility  of  DNP-mediated 


Inhibition 

The  effects  of  the  classical  uncoupling  agent  DNP  on  mito¬ 
chondrial  processing  were  further  investigated  to  confirm  that  the 
inhibition  was  directly  related  to  effects  on  mitochondrial  energetics. 
First,  the  concentration-dependence  for  the  inhibition  of  processing 
was  examined,  as  shown  in  Figure  5A.  While  concentrations  of  1  and 
10  yM  DNP  (lanes  6  and  7)  had  no  apparent  effect  on  processing,  con¬ 
centrations  of  25  yM  or  greater  resulted  in  nearly  complete  inhibi¬ 
tion  of  production  of  the  mature  form  (lanes  3-5).  It  is  also 
evident  in  Figure  5 A  that  DNP  did  not  prevent  the  production  of  the 
intermediate  form. 

To  determine  if  DNP  was  irreversibly  inhibiting  a  processing 
step  or  an  endoproteolytic  event,  or  was  destroying  the  structural 
integrity  of  the  mitochondria,  attempts  to  recouple  DNP-treated 
mitochondria  and  restore  processing  activity  were  pursued.  The 
addition  of  BSA  has  been  reported  to  restore  respiratory  control  to 
DNP-uncoupled  mitochondria,  as  measured  by  O2  utilization  (59). 

The  effect  of  BSA  on  processing  by  DNP-treated  mitochondria  is 
demonstrated  in  Figure  5B.  While  processing  to  the  mature  protein 
was  inhibited  in  DNP-uncoupled  mitochondria  without  added  BSA  (lane 
3 ) ,  when  BSA  was  added  to  uncoupled  mitochondria  at  the  start  of  the 
processing  reaction,  processing  to  the  mature  subunit  was  again  ob¬ 
served  (lane  4),  indicating  the  reversibilitjr  of  the  inhibitory 
effect. 
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Effects  of  DNP  on  Processing  by  Mitochondrial  Subfractions 

The  effect  of  DNP  on  processing  by  mitochondrial  subfractions 
was  examined,  as  shown  in  Figure  6A.  The  matrix  subfraction  pro¬ 
cessed  precursor  normally  in  both  the  absence  (lane  1)  and  the 
presence  (lane  2)  of  DNP,  confirming  that  DNP  was  not  having  a  direct 
effect  on  the  final  endoproteo lytic  processing  step.  Mitoplast  sub¬ 
tractions,  which  processed  the  precursor  to  the  mature  size  in  the 
absence  of  uncoupler  (lane  3),  failed  to  do  so  when  treated  with 
DNP  (lane  4).  As  with  intact  mitochondria,  however,  DNP-treated 
mitoplasts  did  produce  the  intermediate  form. 

Localization  of  the  Intermediate-sized  Form  of  Ornithine  Trans- 
carbamylase 

As  is  apparent  from  Figures  5A  and  6A  above,  DNP  prevented  the 
production  of  the  mature  subunit  from  the  precursor  but  did  not 
interfere  with  the  appearance  of  the  intermediate.  We  therefore 
attempted  to  determine  whether  the  intermediate-sized  protein  was 
inside  or  outside  of  the  mitochondrion.  In  these  experiments,  after 
the  samples  were  processed  with  mitochondria  they  were  separated  by 
centrifugation  into  a  mitochondrial  pellet  and  an  extramitochondrial 
supernatant.  These  fractions  were  then  immunoprecipitated  indepen¬ 
dently  and  the  results  are  shown  in  Figure  6B.  When  processing  was 
carried  out  by  intact  mitochondria  without  DNP,  the  mature  form  was 
predominantly  in  the  pellet  fraction,  as  expected  (lane  4);  the 
intermediate  form,  however,  was  present  in  both  the  supernatant 
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(lane  3)  and  pellet  (lane  4),  In  the  presence  of  50  pM  DNP,  which 
prevented  processing  to  the  mature  subunit  but  not  to  the  inter¬ 
mediate  (lane  5),  the  intermediate  was  present  exclusively  in  the 
supernatant  fraction  (lane  6);  none  was  detectable  in  the  pellet 
(lane  7). 

Processing  after  Gel  Filtration  of  the  Translation  Mixture 

In  another  approach  toward  delineating  the  energy-dependence 
of  this  system,  the  (  °S)methionine-labeled  translation  mixture 
containing  the  precursor  protein  was  depleted  of  ATP  and  other 
small  molecules  prior  to  incubation  with  mitochondria  by  chromato¬ 
graphing  it  on  a  Bio-Gel  P6  gel  filtration  column.  Figure  7 
demonst rates  the  results.  The  high  molecular  weight  fraction  of  the 
translation  mixture  from  the  column  contained  the  precursor  (lane  3), 
but  upon  incubation  of  this  fraction  with  mitochondria,  no  pro¬ 
cessing  was  evident  (lane  4);  on  the  other  hand,  an  aliquot  of  this 
same  translation  mixture  that  had  not  been  chromatographed  did  yield 
the  mature  subunit  upon  incubation  with  mitochondria  (lane  2).  Pro¬ 
cessing  of  the  column-fractionated  mixture  could  be  restored  by 
addition  of  an  aliquot  of  the  non-radiolabeled,  message-dependent 
rabbit  reticulocyte  lysate  used  in  the  translation  (lane  5).  This 
confirms  that  a  small  molecular  weight  component ( s )  of  the  translation 
mixture  is  required  for  processing.  To  attempt  to  determine  the 
specific  component (s)  required,  a  reconstitution  experiment  was  per¬ 
formed  (Figure  7,  lanes  6-8).  Addition  of  1  mM  ADP  (plus  1  mM  MgCl2) 
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was  partially  effective  in  restoring  the  processing,  of  the  pre¬ 
cursor  by  intact  mitochondria  (lane  6).  Although  addition  of  2  mM 
glutamate  alone  yielded  no  restoration  of  processing  (lane  7),  the 
addition  of  glutamate  and  ADP/MgClo  together  restored  processing 
(lane  8).  Similarly,  addition  of  1  mM  ATP  plus  2  mM  glutamate 
restored  the  processing  ability  of  the  mitochondria  (data  not 
shown ) . 
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DISCUSSION 


The  intact  mitochondria  derive  their  energy  supply  largely 
from  respiratory  substrates  and  ADP  by  the  coupled  inner  membrane 
respiratory  and  oxidative  phosphorylation  systems „  Disruption  of 
either  of  these  components  or  uncoupling  of  their  activities 
strongly  affects  active  processes  dependent  on  the  generation  of 
ATP  or  the  maintenance  of  the  mitochondrial  membrane  potential. 

A  variety  of  agents  can  specifically  inhibit  these  energy-synthe¬ 
sizing  components,  and  several  of  then  have  been  used  to  investigate 
the  energy  requirements  for  translocation  and  processing  of  the 
precursor  of  ornithine  transcarbamy lase  0  This  report  provides 
evidence  that  vectorial  processing  of  the  precursor  by  intact 
mitochondria  is  energy-dependent,  and  suggests  that  the  energy 
is  needed  for  specific  translocation  of  a  precursor  form  into  the 
mitochondrion.  The  study  also  indicates  that  low  molecular  weight 
components  of  the  translation  mixture,  presumably  ADP  or  ATP  in 
combination  with  respiratory  substrates,  can  provide  the  source  of 
this  energy. 
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The  evidence  for  the  energy  dependence  includes  the  following 
observations.  First,  the  respiratory  inhibitors  rotenone,  antimycin, 
and  KCN  impair  the  processing  of  the  precursor  to  the  mature  subunit 
by  intact  mitochondria  (Figure  4).  When  rotenone  and  antimycin  are 
used  in  combination,  this  inhibition  is  almost  complete.  In  addition, 
processing  in  the  presence  of  rotenone  can  be  restored  by  the  addition 
of  a  respiratory  substrate,  succinate  (Figure  4),  which  bypasses  the 
site  in  the  respiratory  chain  inhibited  by  rotenone.  Second,  three 
different  uncouplers  of  oxidative  phosphorylation  (DNP,  FCCP,  and 
valinomycin)  effectively  prevent  the  formation  of  the  mature  subunit 
(Figure  4).  The  effect  of  DNP  can  be  titrated  to  show  that  almost 
complete  inhibition  can  be  obtained  at  a  concentration  of  25  yM 
(Figure  5A),  a  concentration  similar  to  that  required  to  uncouple 
oxidative  phosphorylation  (57).  This  action  of  DNP  is  not  directed 
against  the  final  endoproteolvsis  to  the  mature  subunit,  as  shown  by 
the  absence  of  an  effect  of  DNP  on  processing  by  the  isolated  matrix 
subtraction  (Figure  6A).  Furthermore,  DNP  does  not  inhibit  pro¬ 
cessing  irreversibly  since  "recoupling"  of  mitochondria  with  BSA 
restores  processing  activity  (Figure  5B) 0  Third,  uncouplers  also 
prevent  processing  by  intact  mitoplasts  (Figure  6A),  organelles  con¬ 
sisting  of  the  mitochondrial  matrix  enclosed  by  the  inner  membrane 
and  exhibiting  coupled  respiration  and  phosphorylation  (60).  Finally, 
processing  by  intact  mitochondria  is  prevented  by  specific  depletion 
of  small  molecules  from  the  translation  mixture,  and  is  restored  by 
the  subsequent  addition  of  ADP/MgCl2  (or  ATP/MgClq)  and  glutamate 
(Figure  7). 
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Mori  et  al  (18)  also  have  reported  that  the  uncouplers  DNP  and 
PCCP  inhibit  processing  of  the  precursor  by  isolated  mitochondria, 
in  agreement  with  the  observations  reported  here.  In  contrast  to  the 
data  in  Figure  4,  however,  they  did  not  observe  inhibition  of  processing 
by  two  inhibitors  of  the  electron  transport  chain,  KCN  and  NaN3.  This 
may  have  been  an  artifact  resulting  from  the  presence  in  the  trans¬ 
lation  and  processing  mixture  of  artificial  electron  acceptors  which 
bypassed  the  site  of  cyanide  and  azide  inhibition. 

A  similar  energy  dependence  for  processing  of  cytoplaanically 
made  precursors  of  mitochondrial  proteins  in  yeast  has  been  demon¬ 
strated  by  Nelson  and  Schatz  (27).  They  were  able  to  specifically 
deplete  mitochondrial  ATP  in  yeast  spheroplasts  by  using  a  combination 
of  yeast  mutants  which  are  blocked  in  oxidative  phosphorylation,  and 
a  permeable  inhibitor  of  the  adenine  nucleotide  transporter  to  block 
mitochondrial  entry  of  cytosolic  ATP.  Attempts  to  prevent  processing 
in  the  investigation  reported  here  in  isolated  mitochondria  by  a 
similar  procedure  employing  atractyloside,  another  inhibitor  of  ATP 
transport,  in  combination  with  oligomycin,  an  inhibitor  of  mitochondrial 
phosphorylation,  were  unsuccessful  (data  not  shown).  Although  this  may 
have  been  due  to  an  incomplete  depletion  of  matrix  ATP  and/or  respiratory 
substrate,  it  suggests  that  sane  factor  beyond  ATP  is  involved.  Energy- 
dependent  mitochondrial  processes  have  usually  been  considered  with 
respect  to  two  general  models:  1)  a  requirement  for  ATP  itself,  or 
2)  a  requirement  for  an  energy-rich  membrane  potential  (27). 
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Clearly  these  models  are  not  mutually  exclusive;  the  effects  of 
respiratory  inhibitors  or  uncouplers  might  include  elements  of  each. 

In  the  present  system,  however,  it  appears  that  a  membrane  potential 
may  be  the  predominant  source  of  the  energy  supply  which  is  required 
for  translocation. 

The  isolation  of  the  specific  steps(s)  in  the  overall 
"vectorial  processing"  pathway  which  is  energy-dependent  is  intriguing. 
The  entry  of  the  precursor  into  the  mitochondrion  almost  certainly 
involves  steps  which  include  binding  to  a  mitochondrial  membrane, 
translocation  across  the  mitochondrial  membrane(s),  and  cleavage  of 
the  amino- terminal  peptide  extension.  Whether  these  are  each  dis¬ 
crete  steps  or  whether  they  involve  a  linked  cleavage  and  transport 
event  is  not  yet  clear.  Mori  et  al.  have  suggested  that  the  sequence 
involves  at  least  two  proteolytic  steps,  the  first  being  the  formation 
of  an  intermediate-sized  ornithine  transcarbamylase  subunit,  the 
second  the  subsequent  cleavage  of  this  intermediate  to  the  mature 
sized  protein  (15).  The  results  reported  here  suggest  that  entry  of 
this  intermediate-sized  protein  into  the  inner  membrane  or  transfer 
across  it  may  be  the  energy-dependent  step.  DNP  has  little  effect 
on  processing  of  the  precursor  to  this  intermediate  form  (Figure  5), 
but  does  seem  to  alter  the  localization  of  the  intermediate,  re¬ 
ducing  the  proportion  of  it  recovered  with  the  mitochondrial  pellet 
(Figure  6B).  In  addition,  the  results  indicate  that  in  intact 
mitochondria,  DNP  prevents  cleavage  to  the  mature  ornithine 
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transcarbamylase  subunit,  although,  in  the  isolated  matrix  sub¬ 
fraction,  DNP  does  not  affect  the  zinc-dependent  protease  which 
catalyzes  this  cleavage.  This  would  be  consistent,  therefore,  with 
a  model  involving  cleavage  of  the  precursor  to  the  intermediate  form 
outside  of  the  inner  membrane,  perhaps  on  its  exterior  surface, 
followed  by  energy-dependent  translocation  of  the  intermediate  across 
the  inner  membrane  to  the  matrix,  where  final  proteolytic  processing 
would  occur  (See  Figure  8).  Other  observations  are  less  easy  to 
reconcile  with  this  model,  however.  For  instance,  DNP  treatment  has 
no  apparent  effect  on  the  amount  of  precursor  associated  with  the 
mitochondrial  pellet  in  the  separation  experiment  described 
(Figure  6B,  lanes  4  and  7)  .  While  this  may  simply  represent  pre¬ 
cursor  aggregation  or  non-specific  binding  to  the  mitochondrial  mem¬ 
brane,  it  could  also  mean  that  production  and  translocation  of  the 
intermediate-sized  protein  are  not  central  to  the  processing  pathway. 
Further,  when  the  precursor  is  processed  by  the  matrix  subfraction, 
the  intermediate  band  is  still  observed,  contrary  to  expectations  if 
the  first  cleavage  occurs  outside  of  the  inner  membrane .  Because 
contamination  of  the  matrix  fraction  with  inner  membrane  proteins  is 
unavoidable,  however,  enough  of  the  protease  responsible  for  for¬ 
mation  of  the  intermediate  may  be  present  in  the  matrix  preparations 
to  account  for  the  observed  production  of  the  intermediate  form. 

This  proposed  model  (Figure  8)  is  consistent  with  evidence 
emerging  on  the  energy-dependent  processing  of  other  mitochondrial 
proteins.  A  recent  paper  from  the  laboratory  of  Schatz  (discussed 
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above)  proposes  a  raultistep  processing  model  for  the  cytochrome  b> 
and  cytochrome  c^  proteins  of  yeast  (36).  According  to  this  model 
these  proteins  are  first  cleaved  by  a  matrix  protease  to  an  inter¬ 
mediate  form.  This  first  processing  step  requires  an  electro¬ 
chemical  gradient,  presumably  to  allow  access  of  the  precursor  to 
the  matrix  space.  It  is  not  yet  clear  whether  the  intermediate 
actually  becomes  free  in  the  matrix  or,  as  is  more  likely,  remains 
attached  to  the  inner  membrane  with  merely  a  matrix  exposure.  A 
second  processing  step  then  yields  mature  protein,  located  in  the 
intermembrane  space  (cytochrome  bg)  or  inner  membrane  (cytochrome 
c^).  Of  interest  is  the  similarity  of  the  energy-dependent  step  to 
the  energy-dependence  proposed  in  the  model  for  OTC.  In  both  it 
appears  that  an  electrochemical  gradient  is  needed.  In  each  case 
the  energy  requiring  step  precedes  the  proteolytic  cleavage  by  a 
matrix- localized  enzyme.  It  is  therefore  likely  that  the  common 
process  involving  energy  is  protein  transport  through  the  inner 
membrane  allowing  access  to  the  matrix  protease.  Although  for  cyto¬ 
chromes  b2  and  c^  this  step  occurs  prior  to  the  first  cleavage,  the 
essence  of  this  energy-dependent  transport  model  remains  the  same. 

It  will  be  of  interest  to  examine  other  proteins  with  regard  to  these 
models  to  determine  the  generality  of  such  processing  mechanisms. 
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Figure  1.  The  urea  cycle 
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Figure  2.  The  mitochondrial  electron  transport  chain,  oxidative 
phosphorv lat ion,  and  sites  of  action  of  selected  inhibitors  (rotenone, 
antimycin,  KCN,  DNP).  Adapted  from  Racker  (61). 
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Figure  3.  Cell-free  translation  and  inmimoprecip.it  at  ion  of  ornithine 
transcarbamy lase . 
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Figure  4.  Processing  of  the  ornithine  transcarbamylase  precursor  by 
isolated  mitochondria  in  the  presence  of  inhibitors  of  mitochondrial 

electron  transport  or  uncouplers  of  mitochondrial  oxidative  phosphory¬ 
lation.  Aliquots  of  ( 35s)rnethionine-labeled  translation  mixture  were 
added  to  intact  mitochondria  (2  mg/ml  final  mitochondrial  protein  con¬ 
centration)  plus  mitochondrial  inhibitors  at  the  indicated  concentra¬ 
tions.  All  samples  contained  1  mM  EGTA,  with  a  final  sample  volume  of 
100  yl.  Samples  were  processed  at  27°C  for  1  hour,  and  immunopr  e cip  i  - 
tat ion,  SDS/polyacrylamide  gel  electrophoresis,  and  fluorography  were 
performed  as  described  in  "Methods".  Lane  1,  no  mitochondria  added; 
lane  2,  no  inhibitors  added;  lane  3,  10  yM  rotenone;  lane  4,  1  yM  anti- 
mycin;  lane  5,  1.2  yM  oligomycin;  lane  6,  50  yM  atractvloside;  lane  7, 

50  yM  DNP;  lane  8,  4„5  yM  valinomycin,  30  mM  KC1;  lane  9,  10  yM  PCCP; 
lane  10,  1  mM  KCN;  lane  11,  10  yM  rotenone,  1  yM  antimycin;  lane  12, 

10  yM  rotenone,  2  mM  succinate.  pOTC,  the  precursor  to  ornithine  trans¬ 
carbamylase;  iOTC,  the  intermediate-sized  form  of  the  protein;  OTC, 
the  mature  subunit. 
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Figure  5.  Concentration-dependence  of  DNP  inhibition  of  processing 
of  pre-ornithine  transcarb amylase ,  and  restoration  of  processing  by 

BSA0~  Translation  mixtures  were  incubated  with  mitochondria  and  the 

products  analyzed  as  described  in  Figure  4.  (A)  Lane  1,  no  mito¬ 

chondria  or  DNP  added;  lane  2,  no  DNP  added;  lane  3,  100  yM  DNP; 
lane  4,  50  yM  DNP;  lane  5,  25  yM  DNP;  lane  6,  10  yM  DNP;  lane  7, 

1  yM  DNP0  (B)  Lane  1,  no  mitochondria,  DNP,  or  BSA  added;  lane  2, 
no  DNP  or  BSA  added;  lane  3,  25  yM  DNP;  lane  4,  25  yM  DNP,  50  yM 
BSA;  lane  5,  25  yM  DNP,  and  after  30’  of  processing,  50  yM  BSA  added. 
pOTC,  the  precursor  to  ornithine  transcarbamylase ;  iOTC,  the  inter¬ 
mediate-sized  form  of  the  protein;  0TC,  the  mature  subunit. 
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Figure  6.  Effects  of  DNP  on  processing  of  pre-omithine  transcarbamyl- 
ase_bv  mitochondrial  subfractions  and  by  intact  mitochondria.  Samples 
were  prepared  as  described  in  Figure  4  using  either  mitochondria  or 
mitochondrial  subtractions  at  a  protein  concentration  of  3  mg/ml .  (A) 

Lane  1,  matrix  plus  0.1  mM  ZnC^;  lane  2,  matrix,  0.1  mM  ZnCl9,  50  yM 
DNP;  lane  3,  mitoplasts;  lane  4,  mitoplasts,  50  yM  DNP,  (B)  “"After 
processing  for  1  hour  at  26°C,  samples  were  separated  by  centrifugation 
into  mitochondrial  pellets  (lanes  4,7)  and  extramitochondrial  super¬ 
natants  (lanes  3,6).  Lane  1,  no  mitochondira  added;  lane  2,  mito¬ 
chondria  -  whole  sample ;  lane  3,  supernatant;  lane  4,  pellet;  lane  5, 
mitochondria,  50  yM  DNP  -  whole  sample;  lane  6,  50  yM  DNP  -  supernatant; 
lane  7,  50  yM  DNP  -  pellet.  pQTC ,  the  precursor  to  ornithine  trans- 
carbamylase;  iOTC,  the  intermediate-sized  form  of  the  protein;  PTC, 
the  mature  subunit. 
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Figure  7.  Processing  of  pre-ornithine  transcarbamylase  after  depletion 
of  the  translation  mixture  of  ATP  and  small  molecules.  After  trans¬ 
lation  was  complete,  labeled  translation  mixture  was  depleted  of  small 
molecules  using  a  Bio-Gel  P6  gel  filtration  column,  as  described  in 
"Methods"  ("depleted  translation  mixture").  Samples  contained  1  mM 
EGTA,  mitochondria  (2  mg  protein/ml)  (except  lanes  1  and  3),  and 
either  translation  mixture  or  depleted  translation  mixture,  as  in¬ 
dicated.  Lane  1,  translation  mixture  without  mitochondria;  lane  2, 
translation  mixture;  lane  3,  depleted  translation  mixture  without 
mitochondria;  lane  4,  depleted  translation  mixture;  lane  5,  depleted 
translation  mixture  plus  20  yl  message-dependent  rabbit  reticulocyte 
lysate;  lane  6,  depleted  translation  mixture,  1  mM  ADP,  1  mM  MgCl2J 
lane  7,  depleted  translation  mixture,  2  mM  glutamate;  lane  8;  de¬ 
pleted  translation  mixture,  1  mM  ADP,  1  mM  MgCl2,  2  mM  glutamate. 
pOTC,  the  precursor  of  ornithine  transcarbamylase;  PTC,  ornithine 
transcarbamylase . 
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Figure  8.  A  model  for  the  energy-dependent  transport  and  processing 
of  ornithine  transcarbamvlase . 
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